Summary To clarify the mechanism underlying successful invasion by tree species into xeric sites on Japan's Bonin Islands, we compared the water use of an alien species, Psidium cattleianum, which is rapidly expanding on ridge sites with shallow soil, with that of a native species, Trema orientalis. We hypothesized that there is a trade-off between leaf shedding with low cavitation resistance (frequent xylem cavitation plus refilling ability) and leaf osmotic adjustment with high cavitation resistance (cessation of xylem cavitation plus canopy leaf retention), indicating contrasting strategies for drought tolerance and water use in semi-arid regions. We examined leaf turnover, leaf gas exchange, leaf water potential and water distribution in stem xylem conduits using cryoscanning electron microscopy for the saplings of both species under three cycles of artificial drought and sudden pulse irrigation. Invasive P. cattleianum saplings were highly resistant to cavitation in stem xylem conduits, retained their leaves and exhibited effective leaf osmotic adjustment under the drought treatment. In contrast, native T. orientalis saplings exhibited xylem cavitation, conspicuous leaf shedding and less effective leaf osmotic adjustment under the drought treatment. Leaf gas exchange rate recovered more rapidly in P. cattleianum saplings than in T. orientalis saplings immediately following pulse irrigation after a period without irrigation, especially in the first drought cycle. Embolized conduits in T. orientalis were refilled by pulse irrigation, and leaf gas exchange rate recovered following refilling. The two tree species showed contrasting strategies for drought tolerance and water use along a trade-off axis. Cavitation avoidance and effective leaf osmotic adjustment in P. cattleianum saplings under drought conditions partially support their survival at the xeric ridge sites on the Bonin Islands. Our results help to explain the success of P. cattleianum in its invasion of a subarid environment.
Introduction
Unlike annual herbaceous plants, woody plants in semiarid regions must be able to postpone dehydration for several decades without the loss of above-ground parts. Among the life stages of a tree, seedling or sapling establishment is one of the most selective processes because seedlings and saplings have a shallow root system and a small moisture reserve within the plant body and, consequently, a high mortality rate (e.g., Grubb 1977 , Marod et al. 2002 , Engelbrecht et al. 2005 . Possible plant strategies for survival under prolonged drought conditions are desiccation avoidance and tolerance (see Turner and Kramer 1980, Tyree et al. 2003) . In desiccation avoidance, leaf shedding allows saplings to postpone dehydration because of the decreased transpiration surface. However, leaf shedding reduces productivity due to the time lag between sudden precipitation events and the formation of new leaves (Lambers et al. 1998 , Chesson et al. 2004 . Alternatively, in desiccation tolerance, osmotic adjustment by means of active accumulation of symplastic solutes can help cells maintain normal turgor under dehydration (see Turner and Kramer 1980) . However, the high carbon cost of importing solutes into the cells can decrease the new-leaf production rate (Nilsen and Orcutt 1996, Woodruff et al. 2004) .
In tropical and subtropical forests, interspecific differences in the ability to use a fluctuating resource can affect forest dynamics following canopy-gap formation, such as by maintaining plant species diversity (Bazzaz 1996 , Shimizu et al. 2005 and determining the success of alien plant invasion (Davis 2000 , Yamashita et al. 2000 , Yamashita et al. 2002 . Precipitation in semi-arid or arid regions is often unpredictable, resulting in only brief water pulse periods (Chesson et al. 2004, Ogle and Reynolds 2004) . Recent ecophysiological studies on arid or semi-arid regions have focused mainly on the traits of desiccation delay under prolonged drought. On the other hand, several studies have evaluated the recovery of water use and productivity under pulse cycles of drought and irrigation (Borchert 1994a , Blake and Li 2003 , Guarnaschelli et al. 2003 , Marron et al. 2003 , Villar-Salvador et al. 2004 , Otieno et al. 2005 . However, the physiological traits that allow a sapling to cope with prolonged drought and immediately use water that is suddenly supplied have not yet been clarified. Tree species that are highly vulnerable to embolism in xylem conduits must refill the embolized xylem conduits or make new conduits for the restoration of production following a water pulse period (Borchert 1994b, Hacke and Sperry 2003) . In contrast, tree species with low vulnerability to cavitation can rapidly raise the leaf gas exchange rate following a water pulse period because the xylem continues to function and the canopy leaves are retained even under prolonged drought. Here, we hypothesize that there is a trade-off between leaf shedding with low cavitation resistance (frequent xylem cavitation plus refilling ability) and leaf osmotic adjustment with high cavitation resistance (cessation of xylem cavitation plus canopy leaf retention), indicating contrasting strategies for drought tolerance and water use in semi-arid regions.
Psidium cattleianum Sabine (Myrtaceae) is an alien tree species that has successfully invaded the subtropical forests of the Bonin Islands, a group of small oceanic islands in the western Pacific. Since the Bonin Islands experience several typhoons each year, the frequent disturbance events could be a facilitating factor in the successful invasion by P. cattleianum (Shimizu 2006) . Trema orientalis Blume (Ulmaceae) is an indigenous tree species that is frequently found to be damaged following a typhoon on the islands. The main objective of this study was to clarify the physiological mechanisms that permit P. cattleianum to invade open, xeric sites on the Bonin Islands. We predict that (i) invasive P. cattleianum saplings can maintain xylem function and adjust leaf osmotic potential during prolonged drought (i.e., conservative water use) and (ii) native T. orientalis saplings are highly vulnerable to xylem cavitation and less able to adjust osmotic potential (i.e., less conservative water use). By using cryo-scanning electron microscopy (cryo-SEM), it is possible to determine whether or not water is present in each xylem conduit (e.g., Fujikawa et al. 1988 , Canny and Huang 1993 , Sano et al. 1995 , Utsumi et al. 1996 . We used this technique to observe the cavitation process during prolonged drought and to determine the ability to refill conduits following a water pulse period in saplings of both P. cattleianum and T. orientalis. Leaf turnover, leaf gas exchange and leaf water potential were also measured periodically during cyclic dehydration and rehydration treatment.
Materials and methods

Study site and plant materials
The Bonin Islands of Japan are located in the subtropical North Pacific Ocean about 1000 km south of Tokyo. Although the Bonin Islands and the Okinawa Islands are at about the same latitude and have similar seasonal changes in air temperature, the annual precipitation of the Bonin Islands (approximately 1200 mm) is much lower than that of the Okinawa Islands (approximately 2000 mm). On the Bonin Islands, the minimum relative air humidity reaches 40-50% in summer. Furthermore, rainless periods lasting 10-15 days frequently occur in summer (Chichijima Meteorological Observatory, Japan Meteorological Agency). In particular, precipitation data covering the last 100 years indicate that the annual rainfall for the Bonin Islands has recently decreased (Oka et al. 2000) . On the Bonin Islands, as on the Galapagos and Hawaiian Islands, approximately 75% of the tree species are indigenous (Kobayashi 1978) . The vegetation, especially on ridge sites with shallow soil, is dominated by dwarf shrubs, as in Mediterranean forests (Shimizu and Tabata 1991, Ishida et al. 2001) . Ishida et al. (2008) showed that carbon economy and water use have a fundamental tradeoff relationship for sharing of plant life forms on the ridge sites. An alien tree species, P. cattleianum, has invaded many parts of the Bonin Islands from shrub forests at sunlit ridge sites with shallow soil to natural forests at valley sites with relatively deep soil (Shimizu 2006) . It is expected that saplings of P. cattleianum have a high tolerance to water stress and can easily adjust to fluctuations in water availability. In contrast, T. orientalis, a native and non-endemic tree species, is generally found in sunlit sites with relatively deep soil, but it is also found on ridge sites.
Seeds of T. orientalis and P. cattleianum collected from the Bonin Islands were germinated in vermiculite trays in a naturally illuminated phytotron at the Forestry and Forest Products Institute, Tsukuba, Japan. When seedlings were about 50 mm high, they were transplanted into 1.8-l plastic pots containing porous clay granules (Hydroculture; Takamura Ltd, Japan). The pots were fully irrigated for 5-6 months before the onset of drought treatment. The day and night temperature was maintained at 28 and 23°C, respectively, and the day and night relative air humidity was maintained at 60 and 70%, respectively. At the start of the experiment, the average height of T. orientalis saplings was 184 ± 31 mm and that of P. cattleianum was 230 ± 33 mm (mean ±1 SD). Average stem basal diameter of T. orientalis was 5.2 ± 0.6 mm and that of P. cattleianum was 3.2 ± 0.4 mm.
Cyclic drought and irrigation (water pulses)
Two naturally illuminated chambers of the phytotron were used for the control and drought treatments in this experiment. In the cyclic drought and pulse irrigation treatment (i.e., pulse YAZAKI ET AL. 598 TREE PHYSIOLOGY VOLUME 30, 2010 treatment), irrigation was abruptly stopped and withheld for 15 days and the relative humidity in one air chamber was decreased to 40/50% (day/night) to expose the saplings to severe drought stress. This period is called the first drought period. At 15:00 on the 15th day of the first drought period, the saplings were given 0.5 l of water containing commercial liquid fertilizer (22 mg N l −1 , 36 mg PO 4 3− l −1 and 18 mg K l −1 ; 6:10:5, N/P/K). Immediately after irrigation, the relative air humidity returned to 60/70% (day/night) for 2 days. This period is called the first re-watering period. After that, the drought/rewatering cycle was repeated two more times (i.e., a total of three cycles). As the control treatment, the saplings were fully supplied with pure water every 2 days and water containing liquid fertilizer was simultaneously supplied to the saplings during irrigation in the pulse treatment. The relative air humidity was maintained at 60/70% (day/night) in the other chamber as a control treatment within the experimental period. The treatment period was 52 days in total. Five saplings of each species were selected for non-destructive measurement to examine the process of leaf shedding, change in total leaf area and change in stomatal sensitivity to leaf-to-air vapour pressure deficit in the control or pulse treatment. Sixty-eight saplings of T. orientalis and 73 of P. cattleianum were subjected to pulse treatment for destructive measurement to examine the gas exchange rate, leaf water potential and leaf N content as well as for cryo-SEM observation, as described later. The saplings for destructive measurement and those for assessment of leaf shedding were randomly arranged in containers in each chamber of the phytotron. All saplings were positioned so that they did not shade each other, and they were rotated every week to minimize the effect of position. In view of the limited space in the phytotron chamber, each species was subjected to the experimental pulse treatment separately. The treatment of T. orientalis was conducted from 15 October to 5 December and that of P. cattleianum was from 19 January to 10 March. Day length was extended to 14 h by means of supplemental lighting to prevent leaf senescence caused by short day length in autumn and winter in Japan.
Leaf turnover
In order to examine the change in number of living leaves, all canopy leaves were counted and leaf length was measured at 1, 5, 10 and 15 days after the onset of each drought period for each species in the pulse and control treatments. We estimated the projected area of total leaves from the length of individual leaves by exponential regression between the leaf length (L; in metres) and the individual leaf area (LA; in square metres) in each species using the following allometric relationships: Following the drought periods, almost all leaves in P. cattleianum were still attached to the stem without having formed a separation layer (see the 'Results' section); however, we realized that the leaves were dead when they eventually turned brown.
Leaf gas exchange
Measurement of gas exchange in mature (but not senescent) leaves was conducted every fifth day during the drought period and every day during the re-watering period for four to six saplings in each tree species using a portable open gas exchange system (LI-6400; Li-Cor Inc., Lincoln, NE, USA). Saplings for measurement were randomly selected in each case. One leaf per sapling was used for the measurement of gas exchange. Light-saturated photosynthetic rate (A; in micromoles per square metre per second), transpiration rate (E; mmol m -2 s ), leaf temperature of 25-30°C and high CO 2 concentration (1500 μmol mol −1 ) in the inlet gas stream of the LI-6400. To avoid the midday depression of stomatal conductance and photosynthetic rate, these measurements were conducted in the morning. The total transpiration rate (ΣE, µmol s -1 ) of whole plants, as an indicator of the overall water consumption in each sapling, was calculated using the formula ΣE = E × ΣLA × 10 −3 .
To estimate the change in stomatal sensitivity to leaf-toair vapour pressure difference (VPD) during the cyclic drought and irrigation periods, the relationship between VPD and g s was determined for five saplings, which had been examined for leaf turnover, on the first day following irrigation at each cycle in the pulse treatment. Similar measurement was conducted in the control treatment. The value of VPD in the leaf chamber using LI-6400 was adjusted in the order of 1.5, 2.0, 2.5 and 3.0 kPa by gradually increasing the volume of dry air by adding Drierite (97% CaSO 4 , 3% CaCl 2 ) to the inlet gas stream under a PPFD of 1500 μmol m −2 s −1 , leaf temperature of 25-30°C and CO 2 concentration of 370 μmol mol −1 under inlet gas stream conditions.
Leaf water potential
Three leaves per individual sapling were used to determine leaf water potential. Leaf water potential at daytime (ψ d ) for 14:00-15:00 was determined for the same leaves that were used for measuring A, E, g s and A max using a pressure chamber (Soilmoisture Equipment, Santa Barbara, CA, USA). Leaf water potential the following morning at predawn (ψ pre ) for 06:00-07:00 was measured in the leaves next to the ones used for ψ d determination. Another leaf was used to examine the level of leaf osmotic adjustment (i.e., active accumulation of osmolytes) at full hydration (ψ o ). The cut end of the petiole was immediately placed in distilled water. A small portion of the petiole cut end was removed by re-cutting under water. The excised leaves were fully saturated with water overnight, wrapped in polyvinyl chloride wrap to prevent water loss, stored at −80°C for at least 2 days and then thawed at 20°C to equilibrate with the air temperature. Extracts from the thawed leaves were used to determine ψ o with an osmometer (Model 5520; Wescor Inc., Logan, UT, USA).
Leaf nitrogen content
Leaf nitrogen content was determined for the leaves that were used to measure ψ o . Leaf discs were cut from areas of the thawed leaves that did not contain any main veins and were then oven dried at 70°C for 72 h. Nitrogen content of the leaf discs was measured using an NC analyser (Sumigraph NC-800; Sumitomo-Kagaku Co., Ltd, Osaka, Japan).
Cryo-SEM observation
We periodically observed the water distribution in the main stem xylem of the saplings during the first drought and rewatering period. On the 10th or 15th day (during the drought period) and the 17th day (second day of the rewatering period), three saplings per species were used to observe water use in the xylem conduits under pulse treatment. The samples were taken just before dawn. Specimens were prepared for cryo-SEM following the method of Utsumi et al. (1996) . In brief, polyethylene collars were attached at the mid-height of the stems in living saplings. Stems and sap were frozen by pouring liquid nitrogen into the collars in situ. The samples were stored at −80°C until cryo-SEM observation. In a walk-in freezer kept at approximately −20°C, the transverse face of each stem was cleanly cut with a sliding microtome, then attached to a specimen holder and transferred under liquid nitrogen to the cold stage of the freeze-etching unit of the cryo-SEM system (JSM 840a equipped with JFD-7000; Jeol Co. Ltd, Tokyo, Japan) devised by Fujikawa et al. (1988) . After etching at −90°C for approximately 5 min, the specimens were coated with platinum-carbon under −110°C and 1 × 10 −4 Pa on the stage and then transferred to the sample stage (−160°C) of the cryo-SEM system for observation at an accelerating voltage of 3-5 kV. To quantitatively evaluate the progression of cavitation for the first cycle of the drought period, we counted the total number of water-filled and cavitated vessel elements within one-eighth to one-fourth of the areas of the total transverse section of the xylem by using cryo-SEM photographs. We evaluated the progression of cavitation as a percentage (ratio of the number of cavitated vessels to total vessels).
Statistical analysis
Significant difference in means between measurement days and species was tested using two-way analysis of variance (ANOVA) and Scheffe's post hoc test. The stomatal conductance at a given VPD was analysed using simple linear regression. All analyses were carried out in 'R' Version 2.2.0 using a base package (R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria; http:// www.R-project.org). Figure 2. Time course of daily maximum net assimilation rate (A), transpiration rate (E), stomatal conductance (g s ), total transpiration rate (ΣE), N content and assimilation capacity under high CO 2 conditions (A max ) in T. orientalis (closed circle) and P. cattleianum (closed triangle) saplings. Open symbols (circles, triangles), which are shown only on the last day of the treatment in each graph except that of A max , represent mean values in the control saplings that were grown under wet conditions. Bars indicate 1 SD (n = 4-6). Grey bars represent periods of water pulse. Two-way ANOVA and multiple comparisons (Scheffe's test) were applied to the values on the second day following irrigation in each drought and water pulse cycle. Significant differences between the cycles in each species are shown by different letters (upper, T. orientalis; lower, P. cattleianum). Asterisks indicate significant differences between species in the same cycle. Two-way ANOVA revealed significant (P < 0.01) effects of cycles, species or cycle-species interaction in each measurement, except for the effect of cycles in A max (P = 0.14).
Results
Leaf turnover
During the first drought period, T. orientalis saplings gradually shed their leaves ( Figure 1A ). The shed leaves had an abscission layer at the base of the petiole. In contrast, defoliation was not observed in P. cattleianum until the middle of the second drought treatment ( Figure 1B) . Even when the leaves of P. cattleianum withered and died, they did not separate from the branches, indicating the absence of an abscission layer. Relationship between stomatal conductance and leaf-to-air VPD in three drought and irrigation cycles. Measurement was conducted on five saplings on the day following a water pulse period.
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Leaf gas exchange
Following the cessation of irrigation, the daily maximum net assimilation rate (A), stomatal conductance (g s ) and transpiration rate (E) per unit leaf area conspicuously decreased with progression of the drought in both species (Figure 2 ). Leaf gas exchange rate increased for 1 or 2 days following a water pulse period. After the water pulse period in the first cycle, g s , E and A rose more quickly in P. cattleianum than in T. orientalis. In contrast, the recovery rate of the leaf gas exchange rate following the water pulse period was equal in T. orientalis and P. cattleianum in the re-watering period of the second cycle, and the recovery rate of the leaf gas exchange rate in T. orientalis was superior to that of P. cattleianum in the re-watering period of the third cycle (Figure 2 , P < 0.001). In P. cattleianum, g s , E, A and leaf nitrogen concentration on the second day after the water pulse period remained unchanged between the drought and re-watering cycles (Figure 2 ). In T. orientalis, leaf nitrogen concentration increased following the water pulse period in the second cycle, indicating the transfer of nitrogen from dead leaves to the remaining leaves. The g s , E and A values in T. orientalis tended to increase with repeated drought and re-watering, but not by a significant amount. The total transpiration rate at the whole-plant level (ΣE) in T. orientalis decreased significantly with the drought and re-watering cycles, mainly due to the decrease in total leaf area. In contrast, ΣE in P. cattleianum remained unchanged.
The sensitivity of g s to VPD was examined on the second day of the re-watering period in each cycle when the wilted canopy leaves had recovered completely (Figure 3) . Significant difference in the slope of the linear regression line was found in all cases between the cycles and the species (analysis of covariance (ANCOVA), P < 0.01). The slope of the linear regression line in P. cattleianum decreased with the drought and irrigation cycles, whereas that in T. orientalis decreased in the first cycle but gradually recovered with the cycles.
Leaf water potential
Leaf water potential at daytime (ψ d ) and predawn (ψ pre ) decreased in both species during the drought period (Figure 4) . , predawn (ψ pre ) and osmotic water potential at full turgor (ψ o ) in T. orientalis (circles) and P. cattleianum (triangles). Bars indicate 1 SD (n = 4-6). Grey bars represent periods of irrigation. Two-way ANOVA and multiple comparisons (Scheffe's test) were applied to the values on the 15th day following the cessation of irrigation in each drought and water pulse cycle. Significant differences between the cycles in each species are shown by different letters (upper, T. orientalis; lower, P. cattleianum). Asterisks indicate significant differences between species in the same cycle. Two-way ANOVA revealed significant (P < 0.01) effects of cycles, species or cycle-species interaction in each measurement, except for the effect of cycle/species interaction in ψ o (P = 0.05).
The decrease in ψ d and ψ pre in T. orientalis nearly stopped on the 10th day of each cycle, whereas it continued in P. cattleianum until just before the next irrigation event. The values of ψ d , ψ pre and full-turgor leaf osmotic potential (ψ o ) on the 15th day (just before the next irrigation event) in each cycle were significantly affected by cycle, species and cycle-species interaction (Figure 4) . The value of ψ o just before re-watering in P. cattleianum significantly decreased with the cycles, whereas that in T. orientalis remained unchanged between cycles.
Cryo-SEM observation
All the cell lumina, including wood fibre, in the stems were filled with water or cytoplasm in both species just before the onset of the experiment (data not shown). All the leaves of all the saplings wilted by the 15th day following the cessation of water supply ( Figure 5A and E) . On the 10th day of drought, some vessel elements and wood fibres in the main stems of T. orientalis had lost water ( Figure 5B ), indicating the occurrence of cavitation or embolism. The percentage of cav- Figure 5 . Effects of drought on T. orientalis (A-D) and P. cattleianum (E-G). (A, B) T. orientalis saplings at wilting stage 10 days following the cessation of irrigation (A) and corresponding transverse surface of xylem (B). The value of leaf water potential at predawn (ψ pre ) of the sapling was −1.31 MPa. A large number of vessels and wood fibres are cavitated (arrowheads). (C, D) T. orientalis sapling at recovery stage 60 h following irrigation and corresponding transverse surface of xylem (D). The value of ψ pre of the sapling was −0.32 MPa. The vessels and wood fibres have refilled with water (arrows). (E-G) P. cattleianum at wilting stage 15 days following the cessation of irrigation (E), outer part of the stem (F) and inner part of the stem (G). The value of ψ pre of the sapling was −3.54 MPa. No cavitated cells were found in the xylem even under severe wilting. Scale bars in transverse section indicate 100 μm. fi, fibres; ca, cambium; pi, pith.
itated vessels increased to approximately 40% on the 10th and 15th days ( Figure 6 ). Cavitation or embolism in the xylem conduits was especially noticeable in old conduits near the pith and empty fibres aligned along the radial files of cells. Following the water pulse period in T. orientalis, wilting leaves immediately recovered and cavitated cells in stems refilled with water overnight ( Figure 5D ). In contrast, cavitated cells in stems were not found in P. cattleianum at least during the first cycle, even though all the leaves had wilted ( Figure 5E -G).
Discussion
Invasive P. cattleianum saplings and native T. orientalis saplings exhibited different responses to prolonged drought and pulse irrigation. Saplings of P. cattleianum were highly resistant to the emergence of cavitation in stem xylem conduits and showed active leaf osmotic adjustment with prolonged drought, indicating conservative water use. The ability of P. cattleianum to retain entire leaves for the drought period (at least until the middle of the second cycle) appears to be due to high cavitation resistance in the stems. As shown by the significant decrease in ψ o of P. cattleianum just before each irrigation with drought periods, the effective osmotic adjustment in P. cattleianum leaves could allow it to endure greater negative minimum leaf water potential (Figure 4) , and the retained leaves would be capable of extracting considerable water from the soil due to the large water potential gradient between the leaves and soil (Salleo 1983 , Ishida et al. 1992 ). In contrast, T. orientalis saplings were highly susceptible to cavitation in stem xylem conduits and were unable to effectively adjust leaf osmotic potential under prolonged drought, suggesting less conservative water use. The leaf shedding in T. orientalis appears to be due to the progression of cavitation in the drought period (Borchert 1994b) , and the transpiration area reduced by leaf shedding would contribute to maintaining the transpiration rate at the whole-plant level (Figure 2) without osmotic adjustment (Figure 4 ). These data indicate a possible trade-off relationship between leaf shedding (low cavitation resistance) and leaf osmotic adjustment (high cavitation resistance).
Interspecific variation in the susceptibility to drought-induced cavitation or embolism in stem xylem appears to be due to the difference in wood xylem anatomy. According to the Hagen-Poiseuille law, hydraulic efficiency increases in proportion to the fourth power of vessel diameter; the wider xylem conduits in T. orientalis support high hydraulic conductivity in stems, contributing to less conservative water use. From the observation of more than 100 xylem vessels in five transverse sections, the mean (±1 SD) value of vessel diameter was 33 (± 10) μm in T. orientalis and 17 (± 5) μm in P. cattleianum. Nevertheless, the trade-off relationship between the conduit diameter and vulnerability to droughtinduced xylem embolism is a matter of controversy (see Tyree et al. 1994 , Oliveras et al. 2003 . Some researchers have found a weak correlation between susceptibility to cavitation and conduit size in interspecific (Hacke and Sperry 2001) or intraspecific comparisons Ikeda 1997, Choat et al. 2005) . Although freezing-induced cavitation appears to be related to vessel diameter, drought-induced cavitation would be related to the rigidity of conduit cell walls or the size of pit membrane pores between conduits (see Hacke and Sperry 2001) or the total area of inter-conduit pits (Wheeler et al. 2005 ) rather than vessel diameter. Gas is pulled into a water-filled (functional) conduit from an embolized (dysfunctional) conduit through the largest pit membrane pore when the pressure difference exceeds a critical value, which is predicted from a capillary model (Tyree and Zimmermann 2002) .
The ability to refill embolized conduits following a water pulse period is important for survival, especially in T. orientalis seedlings, a low cavitation-resistant species. The parenchyma cells beside the dysfunctional conduits Zwieniecki 1999, Hacke and Sperry 2003) or the root system (Sperry et al. 1987 ) might be related to the mechanism for recovery of embolized conduits. Secretion of sugars and possibly mineral ions into the xylem conduits from the paratracheal parenchyma cells can cause osmotic water uptake. According to the Japanese Wood Database (Forestry and Forest Products Research Institute, Ibaraki, Japan; http:// f030091.ffpri.affrc.go.jp/JWDB-E/home.php), there are vasicentric and aliform parenchyma in the xylem of T. orientalis and such axial parenchyma that surround vessels may contribute to the refilling with water. Alternatively, positive pressure in xylem conduits caused by roots can re-dissolve the air bubbles in dysfunctional stem conduits. More work is needed to clarify the recovery mechanism in T. orientalis xylem.
Our results indicate that there is a trade-off relationship along an axis between leaf shedding and leaf osmotic adjustment to cope with drought. Following the first water pulse period, the daily maximum leaf gas exchange rate recovered more rapidly in P. cattleianum than in T. orientalis (Figure 2) . The rapid recovery in P. cattleianum was probably due to the Figure 6 . Time course of the percentage of cavitated vessels (ratio of the number of cavitated vessels to total vessels) for the first drought and re-watering period in T. orientalis. Bars indicate 1 SD (n = 3). Grey bars represent periods of water pulse. complete inhibition of cavitation (i.e., high cavitation resistance) in the stem xylem ( Figure 5 ). However, the delayed recovery and the shedding of some leaves following the second cycle could indicate the occurrence of partial cavitation even in P. cattleianun. On the other hand, in T. orientalis, newly induced cavitation was likely to be inhibited during the second and third cycles, and sufficient leaf shedding during the first cycle could effectively reduce the total transpiration area to adjust the whole-plant water balance (Shimizu et al. 2005 ). The inability of T. orientalis to effectively adjust leaf osmotic potential indicates a low maintenance cost for canopy leaves for the drought period. However, the formation of new leaves following restoration of water supply appears to result in a greater carbon cost, and prolonged absence of almost all canopy leaves due to prolonged embolism would be fatal in T. orientalis. Under prolonged drought, T. orientalis with low cavitation resistance would be at a disadvantage. Rainless periods exceeding 20 days are not rare at this study site, especially in the early summer season (Chichijima Meteorological Observatory, Japan Meteorological Agency). The length and severity of drought appear to affect seedling survival in the field, which can result in vegetation change on ridge sites with shallow soil on the Bonin Islands.
Conclusion
In conclusion, there are contrasting forms of water use under fluctuating water environments in the two tree species, i.e., a trade-off between cavitation avoidance characterized by P. cattleianum and cavitation tolerance characterized by T. orientalis. The invasive P. cattleianum exhibited more conservative water use compared with the native T. orientalis, indicating a higher ability to delay desiccation in P. cattleianum. Engelbrecht et al. (2005) showed that the interspecific difference in the ratio of seedling survival under dry conditions to that under wet conditions is a determinant of forest composition in regions with distinct dry periods. The successful invasion of P. cattleianum into more xeric sites on the Bonin Islands can be partially attributed to its ability to physiologically acclimate to prolonged desiccation through high cavitation tolerance and leaf osmotic adjustment. In addition, P. cattleianum has a high ability to re-sprout new shoots after losing above-ground parts, while T. orientalis does not. The re-sprouting ability of P. cattleianum also appears to contribute to its success in invading and growing in xeric sites with shallow soil on the Bonin Islands (Shimizu 2006) . With global climate change, the predicted shift in rainfall pattern can lead to change in vegetation and function on these oceanic islands (Hay et al. 2001) . To effectively control invading species and conserve native species on the Bonin Islands, further experiments under field conditions are necessary to assess the life history, reproductive traits and water use of both invasive and native tree species.
